Introduction
A culvert fishway is a culvert with special provisions to make it passable by fish. Several baffle systems have been developed to enhance the fish-passing capacity of culverts. These include the offset baffle system (McKinley and Webb 1956) , spoiler system (Engel 1974) , side baffles (Watts 1974) , fish weirs and fish baffles (Rajaratnam et al. 1986a) , slottedweir baffle system (Rajaratnam et al. 1989) , and others.
In most of these baffle systems, the culvert is divided into a number of cells or bays of length roughly equal to about half the culvert diameter. In this cell, for a range of fish-passing discharges, there are resting areas and a control or barrier velocity exists at the baffles or slots provided in the baffles. The fish are believed to use their burst speed to get past this barrier and rest in the next pool. In the pool, they could also travel using their prolonged speed.
Among these different baffle systems, the offset baffle (OB) system has been used extensively in the western United States and Canada. Recently, Rajaratnam et al. (1988~) made an extensive study of this system for two baffle heights of O.1D and 0.15D (where D is the diameter of the culvert) and several baffle spacings. They developed a flow equation and an equation for the barrier velocity that would exist at the slots. The offset baffle system is shown in Fig. l a . The offset baffle system may be more difficult and more expensive to build than other baffle systems because the inclined baffles cover several corrugations.
In the slotted-weir baffle system, the baffles have a symmetrical slot at the middle (Fig. lb) . For such a system, for the height of the baffle equal to 0. I D and 0.15D and longi-NOTE: Written discussion of this paper is welcomed and will be received by the Editor until December 3 1, 1990 (address inside front cover).
tudinal spacings of 0 . 6 0 and 1.20, Rajaratnam et al. (1989) developed equations relating the depth of fully developed flow, yo, in terms of D and a dimensionless discharge, Q,, and for the barrier velocity, U, that would exist at the slots in the baffles.
It appeared that it would be a good idea to replace these slotted-weir baffles with weir baffles without the slots, in which case the culvert fishway would resemble a pool-weir fishway. Such a culvert fishway would possess the simplicity of pool and weir fishways. It would be cheaper to build the weir baffles rather than the slotted-weir baffles in which case two halves are placed with a slot in between. For fish-passing discharges, the weir baffles would function in the pool-weir mode; whereas for the larger discharges, when fish-passage is (generally) not important, the baffles would act like @late) roughness. Hence, an experimental project was undertaken to study the hydraulics of such a weir baffle system with the (central) height, h, of the baffle equal to 0.1D and 0.15D and several spacings. These results are presented in this paper.
Weir baffle designs and experimental arrangement
Two sets of designs were tested. In the first set, the baffle height, (see Fig. lc ) h = 0.15D and in the second set, h = 0.1D. In the two designs (Dl and D2) of the first set, the longitudinal spacing, L, of the baffles was assigned values of 0.60 and 1.20. In designs 3 and 4 of the second set with h = 0. ID, the system was tested with L = 0 . 6 0 and 1 . 2 0 respectively. These details are shown together in Table mental arrangement as well as the measurement procedures were essentially the same as those reported in earlier work on culvert fishways (Rajaratnam et al. 1988a (Rajaratnam et al. , 1989 .
Preliminary experimental observations
Preliminary observations included the measurement of the water depths for a central cell for several discharges and three slopes of 1 % , 3 % , and 5 % . A set of these centerplane depth Profiles are shown in Fig. 2 in which Y is the depth of flow.
These profiles and others (not shown herein) indicated that the depth, yo. at the center of the pool, between baffles 1 and 2 in the central portion of the fishway, referred to generally as the region of fully developed flow, would serve as the characteristic depth representing the uniform flow in the fishway.
The depth, y& just before either baffle 1 or baffle 2 (measured about 5 mrn upstream of the baffles) was also considered as an additional depth.
In almost the whole range of flows tested, the flow over the baffles was of the streaming kind and the plunging flow regime (Rajaratnam 1988b) was not observed. Observations with dye as well as with sand (dumped between the baffles) indicated that up to certain flow rates, there were extensive regions of backward flow downstream of every baffle. Further, the baffles affected the flow significantly for lower flow rates, but for larger flow rates, the baffles did not appear to disturb the water surface and simply acted as boundary roughness.
Flow equations for culvert f~h w a y s with weir baffles
It appeared that in the entire range of flows studied, the water appeared to stream over the baffles. In the pools in between, it created considerable recirculation. As an approximation, it is assumed that the streaming flow over the weirs skims over the water between the weirs. This creates significant turbulent shear between the surface stream and the water underneath. It is also assumed, based on earlier evidence on Denil, vertical slot and pool and weir fishways (Rajaratnam and Katopodis 1984; Rajaratnam et al. 1986b; Rajaratnam 19886 ) that this shear is much larger than the skin friction between the flow and the pipe walls. Based on this approximation and following earlier work with offset baffle and slottedweir baffle systems (Rajaratnam 1988a (Rajaratnam , 1989 where Q is the discharge, g is the acceleration due to gravity, So is the slope of the culvert, A denotes a function, and Q, is the dimensionless discharge. In the following, experimental observations are presented to evaluate the functional relationship indicated in [I] . The relation between Q, and ydD for D l is shown in Fig. 3 . From this figure, it appears that the correlation suggested by [I] is valid. In Fig. 3b , it is found that the data for yolD greater than about 0.25 fall on one straight line, whereas the observations for smaller values of yolD fall on another steeper straight line. It appears that, for practical use, the relation between Q, and yolD can approximately be described by a power law type of equation -.
ydD, C = 549 and a = 5.78. Figure 4 shows the correlation of Q, with yo/D and yJD, wherein yd is the depth measured immediately upstream of the weir baffles. Figure 4 indicates that the correlation of Q, with yJD is essentially the same as that with yolD, thereby indicating that the flow is of the streaming type. Similar behaviour was noticed for the other designs.
The variation of Q, with yolD for D2 is shown in Fig. 5a . The variation of Q, with yolD is described by an equation of the type of The variation of Q, with yolD for D4 is shown in Fig. 5c . For yolD greater than about 0.2, C = 9.0 and a = 2.36; whereas for smaller values of yolD, there are only a very few data points and it is difficult to evaluate the relation satisfac- Velocity field in the culvert fishway TO get an appreciation for the velocity field in the fishway, for D l , the variation of the time-averaged longitudinal velocity, u, with the normal distance, y, above the bottom of the culvert was measured with a 3 rnm diameter Prandtl tube, in the central vertical plane in the region of fully developed flow at five stations, namely at a baffle and at mid-cell and quartercell on either side of this baffle. Such a set of measurements for D l for a slope of 3% and a discharge of 30 L/s is shown in Fig. 6 . From Fig. 6 , it appears that the flow is essentially invariant from one cell to another immediately downstream. The barrier velocity occurs at the baffle. It should also be noted that the maximum backward velocity near the bed is in excess of about a third of the maximum forward velocity. Figure 7 shows the velocity profiles for the same flow (as in Fig. 6 ), but for several non-central locations at the baffle, wherein d is measured over the baffle. It is interesting to note that the variation in the velocity across the flow is not significant except very near the boundary. Hence, it is reasonable to consider the counterplane velocity profile at the baffle as the design profile, and the maximum velocity therein as the barrier velocity which is denoted as U. Figure 8 shows several centerplane velocity profiles at the baffle and mid-cell for three discharges for slopes of 1 % , 3 % , and 5 % . In Fig. 8, it is seen that in the forward flow region, the velocity profiles at the baffle and mid-cell are close to each other and the maximum reverse velocities are about a third of the maximum forward velocities.
Following earlier work on offset and slotted-weir baffles, the variation of the dimensionless barrier velocity, U, = u/-, with yolD is shown in Fig. 9a for D l . This variation is approximately described by the equation
Normalized velocity profiles at the baffle are shown in Fig. 9c for Dl for the three slopes and several discharges. The normalized velocity, u/U, increases from the crest of the baffle to unity at a distance of about h and then remains either constant or decreases slightly towards the water surface.
For D3, the velocity profiles were similar to those for Dl and the normalized profiles at the baffle are shown in Fig. 10a which are somewhat more uniform than those for Dl. Variation of U, with yolD is shown in Fig. lob slopes of (a) 1%, (b) 3%, and (c) 5% for several discharges. appeared to not only produce relatively larger velocities but the weir baffles. These are collected together in Fig. 11 . For also reduce the extent of the reversed flow region. For D2, the designs Dl and D2, for yolD greater than about 0.35, the variation of U, with yolD was essentially the same as for Dl difference is rather negligible; whereas for yolD in the range (see Fig. 9b ; whereas for D4, the corresponding variation was of about 0.2 to 0.35, D2 produces somewhat larger values of different from that of D3 (Fig. 10c) .
yolD for a given value of Q,. Considering designs 3 and 4, D3 produces larger (relative) depths than D4 for all flow rates.
General discussion
Considering the barrier velocities that would exist at the .
Consider first the Q, vs. yo/D curves for the four designs of baffles, even though the variation of U, in terms of yolD is vert due to the additional flow resistance offered by the weir baffles is considered. For any given flow rate of Q or the dimensionless flow rate of Q,, let 70 (= yolD) be the dimensionless depth for the plain culvert and let 7 be the corresponding value for the (same) pipe with a given design of weir baffles. Then, using the exponential equations where the suffix of zero denotes the plain pipe, if Aq is the increase in 7 defined as it can be shown that Equation [15] was evaluated (using previous results (by the authors) on plain pipe) and the variation of Av/qo with Q, is shown in Fig. 13 for Dl and D3 along with the comparable designs for the slotted-weir baffles. In Fig. 13 , it is seen that for D l , Aqlvo decreases from about 3 for small values of Q, to about 0.5 for Q, = 4. For D3, the corresponding higher value is about 2.2 and falls to 0.5 at Q, = 2. For D2, the results are close to those for Dl and for D4; A7/v0 was somewhat low compared with that for the D3 series.
Comparison of weir baffles with slotted-weir baffles In this section, a comparison between the hydraulic performance of weir and slotted-weir baffles is presented. In CAN. J . CIV. ENG. VOL. 17, 1990 Fig. 14, the relation between Q, and yolD is shown for four cases: h = 0.15D and L = 0.60; h = 0.10 and L = 0.60; h = 0.15DandL = 1.20; andh = 0.1DandL = 1.20; along with the corresponding results for the plain pipe which was used to house the baffles. For each of the four sets, the hydraulic performance with respect to the depth of flow is essentially the same, with the weir baffles being slightly better (by producing larger depths) for smaller flow rates. Figure 13 shows the variation of Aqlqo for both these systems of baffles. Here again, the performance is essentially the same between the corresponding designs, with the weir baffles producing somewhat larger values of Aqlq, for smaller flow rates.
Considering the barrier velocity, Fig. 15 shows the reduction in the dimensionless barrier velocity, AU,, caused by the baffles from the corresponding velocity that would exist in the plain pipe. Cgmparing D l WB with the corresponding Dl SWB, there is hardly any difference for Q, up to about 0.4, whereas for larger values of Q, the curve for WB drops off appreciably. Similar comments could be made between D3 WB and D5 SWB.
Conclusions
This report presents the results of an experimental study on a weir baffle system for possible use in culvert fishways. Four designs were tested. For these designs, flow equations have been developed between the dimensionless flow rate and the relative depth of flow. The velocity profile at the slot has also been studied and the results have been presented in a generalized form. Equations have been developed for the barrier velocit-\. that would exist at the baffles. The effect of the baffles on the flow capacity of culverts has been evaluated. Some comparisons have also been made between the weir baffle and slotted-weir baffle systems.
It appears that weir baffles function just as effectively as the corresponding slotted-weir baffles and hence could be preferred to the latter. It also appears that a spacing of 0.60 is very effective, whereas a spacing of 1.20 appears to be somewhat too large. During low flows, sediment may settle in the pools, but this might be eroded and transported by larger flows. A certain amount of maintenance may be needed.
